INTRODUCTION 40
Many approaches to study cell division utilize traits that readily allow for distinction of 41 two progeny. For example, cells displaying "asymmetrical" division traits allow for clear 42 distinction of numerous characteristics that can then be monitored while deciphering other 43 unknowns. Caulobacter bacteria are among the best studied with this distinction (1), but other 44 biological examples include: pre-neuron neuroblast brain cells, budding Saccharomyces 45 cerevisiae, germline cells of male Drosophila, endospore development by Bacillus species, and 46 time-lapse data, more than half of the data show one progeny initiating movement before the 139 other. To distinguish between synchronous and asynchronous motility, events were identified as 140 either 1) leading cell starting first, 2) lagging cell starting first, or 3) both progeny cells starting 141 together (synchronous). In order to establish a clear priority among the restarts, a threshold of 30 142 seconds between motility events was chosen before cells were counted as asynchronous. 143
Dynamic distribution analysis of RomR. RomR-Gfp was tracked over the length of 144 dividing cells for strain JS1. Each pre-division sequence was manually delineated from the rest 145 of the image for all frames. This segmented sequence was then processed using a custom Matlab 146 program to assign the delineated cell in each frame to a line representing the central longitudinal 147 axis of the cell. Separately in ImageJ, the green fluorescent channel was processed using the 148 "despeckle" function followed by filtering with a Gaussian blur to smooth the image. The linear 149 distribution of RomR was obtained by averaging fluorescence intensity of RomR-GFP over 150 numerous 3×3 pixel blocks centered on each pixel of the central axis line for a cell. This cell 151 central axis line was then sectioned into 60 equally spaced points where 0 corresponded to the 152 head (leading pole) of the cell and 1 corresponded to the tail (lagging pole). After a clear 153 separation of cell progeny, the original 60 points were split into 30 points for each progeny, 154 where 0 to 0.5 corresponded to the leading cell and 0.5 to 1 corresponded to the lagging cell. 155
RomR-GFP intensity was spatially quantified as the fluorescent intensity at each of the 60 points 156 along the 0-1.0 relative cell length. The dynamic intensity was obtained for all frames of a time-157 lapse movie and plotted using the surface plot in Matlab. 158
RomR distribution was also analyzed to consider relative abundance of RomR over a 159 sequence of a dividing cell and its two progeny. We considered the two (old) poles of the parent 160 cell and the cell midpoint from which two new poles will form, the dividing cell midpoint, and 161 the subsequent two new poles. Localized RomR levels were measured within 10×10 pixel areas 162 centered at each of these three localization foci. Mean Gfp intensity was measured for the box 163 for each frame of the image sequence. For these larger pixel area measurements, a background 164 subtraction was applied to each measurement by selecting a 10×10 pixel region away from the 165 cell. Relative abundance was normalized by dividing each measurement (3 compartments, 48 166 frames) by the mean RomR-Gfp intensity measured in frame 1 of the lagging pole compartment 167 for the pre-division images. For the post-division sequence, we normalize by dividing each 168 measurement (2 compartments, 30 frames) by the mean RomR-Gfp intensity in frame 6 of the 169 lagging cell's new pole compartment (i.e., the first frame where the two poles are 170 distinguishable). 171
The ratio of intensity of the leading and lagging pole was averaged over multiple frames 172 prior to the point of separation. Contact with neighboring cells (and thus RomR signal coming 173 from other cells) interfered with measurements during the division pause limiting the number of 174 frames available for certain division sequences. Following division, the first 4 frames in which 175 the two new poles could be distinguished were used to get an average value of the ratio between 176 the leading cell's new pole and the lagging cell's new pole. 177 Growth Rate. Surface growth rates for each strain were obtained by quantifying 178 fluorescence over time using a fluorescent imaging method (43). Briefly, M. xanthus colonies 179 were grown on one 150 mm CTT agar (1.5%) plate containing 8 µL per 100 mL of Syto64 180 bacterial-staining dye (Life Technologies, Grand Island, NY). Fluorescent images of swarm 181 plates were acquired using a Carestream Multispectral FX (MSFX) imaging station (Carestream 182 Health, Woodbridge, CT) using excitation and emission wavelengths of 590/670nm, 183 respectively. Time lapse images of the whole plate were recorded every ten minutes. Growth 184 rates for each strain were determined by calculating the mean of fluorescent intensity of three 185 replicates for each strain. motility-favorable conditions using time-lapse microscopy, we observe that motile cells stop as a 213 precursor step to binary cell division. Figure 1 shows a representative example where a motile M. 214 xanthus cell pauses and remains paused until this cell has completed binary cell division (a 215 movie of the entire time-lapse series is included as Supplemental Movie S1). We subsequently 216 probe for cell division events of M. xanthus by systematically analyzing movement of 217 approximately 12,000 cells. While similar stoppage of predivision cells has been observed 218 previously by Reichenbach, et al. (45) , our analysis shows this not being an occasional or 219 random event. Every dividing cell (n = 558) in our experiments pauses prior to this division-no 220 cells were observed to divide while motile. On average for two common M. xanthus wildtype 221 strains DK1622 and DZ2, these motility pauses are approximately 19 minutes in duration before 222 the two daughter cells resume movement (Table 2) . Further, only predivision cells pause for 223 these extended durations. Motile, non-dividing cells that stop (either to reverse or continue in the 224 same direction) all exhibit a pause duration of less than one minute, which is in the range of 225 reversal pauses that have been specifically measured previously (46, 47) . Clearly these predivision cells are able to dissociate from both exopolysaccharide-, cell wall-, 242 and pili-dependent associations of not just their own, but also other cells, to facilitate these 243 pauses. For all dividing cells we tracked in our experiments, the behavior and regulation of cell 244 division is dominant over numerous motility and cell-cell phenotypes that have been documented 245 under similar growth conditions. 246
Predivision pauses involve Frz but are independent of S-motility. We track motility and 247 divisions of select motility mutants to probe for factors that are important to regulation of these 248 predivision pauses. Because these strains are known to display differing motility and growth 249 characteristics, we measure both motility and growth attributes of these strains for the growth 250 conditions used in these experiments (Table 2) . Of the mutations examined, only ΔfrzE and 251
ΔfrzCD strains show a significant deviation in stoppage from wildtype cells-the pre-division 252 pauses for ΔfrzE and ΔfrzCD strains were 26.5± 0.9 min and 22.3± 1.0 min, respectively (Figure  253 3). The pre-division pauses of ΔfrzF and ΔfrzG strains are are statistically similar to those of the 254 wildtype strains. Similar pausing behavior is also detailed for a ΔpilA strain that has no TFP; 255 thus, TFP are not needed for this behavior and likely function only after cell division is complete. 256
Differences in gliding speed, swarm expansion rate, or growth rate did not correlate with 257 the length of the pre-divisional pause. As we describe above, the pause duration for the division 258 events for DK1622 wildtype, DZ2 wildtype, and DK8621 ΔpilA S-motility mutant are essentially 259 the same (~19 minutes). Because these strains are known to display differing motility and growth 260 characteristics, we measured both motility and growth attributes of these strains for the growth 261 conditions used in these experiments (Table 2) . No attribute or pattern emerges that correlates 262 with the pause duration for division and we are unable to explain the notable variation in pause 263 period for these pre-division cells (Figure 3) . The surface growth rate of DK1622 (and DK1622 264 mutants) is marginally slower than DZ2 for the growth conditions used here, which is 265 comparable with other studies (48-51). The minimum doubling times for DK1622 and DZ2 are 266 4.8 ±0.6 hours and 3.6 ±0.1 hours, respectively. 267 becomes mirrored in the new poles at the site of division, which we have measured using RomR-298 GFP ( Figure S2 ). While the actual ratio of RomR measured at the poles varies (between 0.43 to 299 0.83 ratio of RomR leading/lagging pole), the mirroring of these levels in new progeny is very 300 consistent (1.06 ±0.2 ratio of new poles inheriting old pole RomR in both progeny). The RomR-301
Gfp level at the cell midpoint increases from 20% to 40% (relative to the lagging pole) during 302 the pause. As the progeny begin to pull apart, the new lagging cell (that initiates movement in the 303 opposite direction) exhibits much higher levels of RomR at the newly formed cell pole as 304 compared to the new pole of the leading cell. Thus, RomR is preferentially directed to a specific 305 side at the site of division while the relative abundance of RomR at the previous cell poles is 306 essentially unchanged. Furthermore, the new pole of the leading cell is approximately 45% of the 307
RomR-Gfp level of the new pole of the lagging cell for the first minute after separation. The 308
RomR-Gfp of this lagging cell new pole then abruptly doubles. Such front-abundant distributions 309 of RomR within motile cells are counter-intuitive to our current understanding of the role for 310
RomR in establishing polarity of motility for M. xanthus (27, 53) . Previously, it would have been 311 predicted that RomR should be most abundant at the rear pole of motile cells. Here we note that 312 the newly divided lagging cell initiates opposing motility despite having lower levels of RomR at 313 the newly formed lagging pole in comparison to the leading pole (i.e., the previously lagging 314 pole of the parent cell). Also, the leading cell that retains the same polarity as the parent cell is 315 able to resume motility in this direction despite a lack of RomR abundance at the cell rear. Thus, 316
RomR appears needed to establish motility in a new direction but not to resume an existing 317 polarity. After 3-5 minutes of motion post-division, the lagging poles in each of these progeny 318 establish RomR levels greater than or equal to their leading poles. 319
The necessity of proper RomR accumulation at the poles to set opposing polarity in new 320 progeny is confirmed by monitoring RomR-Gfp in a frzCD mutant strain. In a frzCD 321 background, M. xanthus progeny do not necessarily move in opposing directions (Figure 4) and 322 the Frz system that guides RomR accumulation is disrupted (27, 28). We find the localization of 323 RomR in a frzCD mutant is altered throughout the cell cycle as RomR clusters are observed at 324 multiple locations within all cells in a field of view (Figure 6 ). In addition to RomR-Gfp 325 localized to poles at various ratios, a total of 3-4 RomR accumulation sites are observed. Thus a 326
proper polarity of RomR is never established and progeny have a more random polarity after 327 division (Movie S5). Over time, the highest intensity RomR-Gfp does not appreciably oscillate 328 in this frzCD strain as in wildtype, suggesting that disassembly of RomR puncta is distorted in 329 this frzCD background. that promote cell-cell interaction (11, 18, 21, 22, 44, 54-56), group alignment (21, 44, 56) , and 347 group motility (19, 20, 44, 57, 58) behavior as one attached cell yields one motile cell during division (1). Somewhat similarly, the 364 TFP-motile bacterium, Pseudomonas aeruginosa, has exhibited that one divided cell remains 365 attached for surface-attached division events while the other may be motile (59). 366
The specific mechanism and dynamics of M. xanthus cell division, like that of most non-367 model organisms, is not entirely known. M. xanthus is among many bacteria lacking a clear 368
MinCD system that drives recruitment of FtsZ for division. It is known that the middle of M. 369 xanthus cells is marked by the ParA-like protein PomZ (7). There is support for an association of 370 PomZ with setting M. xanthus motility as pomZ (originally annotated as agmE) was originally 371 identified as a partial A-motility mutant. 372
We describe the resetting of polarity for M. xanthus at division by correlating 373 accumulation of RomR at newly formed cell poles with cell division (Figure 7) . Our results are 374 consistent with an explanation that pausing of motility is a well-ordered step of the cell cycle. 375
Recent evidence of the detailed orchestration of ParA/ParB important to chromosomal 376 segregation suggest a distinct cycle of approximately four hours where the division into two cells 377 accounts for 30-60 minutes (60, 61). Based on our results, we link cell division with establishing 378 opposing motility polarity of progeny by considering possible distribution scenarios of RomR. 379
We assume that sufficient phosphorylated-RomR is diffusing freely throughout the cell (Figure  380 7). As motility is paused for these predivision cells, we deduce from our experiments that RomR 381
has not yet begun to accumulate via dephosphorylation at the site of division (Figure 5 ), but 382 continues to diffuse freely in the phosphorylated state. However, we offer that diffusion across 383 the entire predivisional cell starts to become limited at this stage ( Figure 7C ) due to the 384 constriction of cell division limiting flow between the two cell ends. This constriction also 385 introduces a morphology change as curvature at the predivisional cell middle is initiated-we 386
propose RomR recognizes some component of this developing cell pole as it must recognize 387 existing poles. This may be directly associated with M. xanthus ParA, which is known to localize 388 to cell poles and sites of division (60, 61). While diffusion of RomR continues, the level of 389 asymmetry in RomR distribution at the old poles of the parent cell becomes mirrored in the new 390 poles at the site of division, which we have measured using RomR-GFP ( Figure S2 ). While the 391 actual ratio of RomR measured at the poles varies for any single cell (between 0.43 to 0.83 ratio 392 of RomR leading/lagging pole), the mirroring of these levels from parent to progeny is very 393 consistent (1.06 ±0.2 ratio of new poles inheriting old pole RomR in both progeny). Upon 394 completion of cell division, the accumulation of RomR in the lagging cell is sufficient to recruit 395
MglB to initiate a new direction explaining why we see progeny move away from each other 396 following division. 397
Morphologically symmetrical M. xanthus cells inherit a clear asymmetry in the 398 distribution of proteins that confer their motility. We propose this asymmetry is mirrored at the 399 parent cell midpoint due to the process of division to explain the opposing polarity we observe 400 when division is complete. This proposed mechanism would be sensitive at the time of motility 401 pausing to the distribution of RomR, which is known to switch from the asymmetric pattern to a 402 short-lived symmetric pattern to the opposite asymmetric pattern during cell directional reversals 403 (52). Thus disruption to the Frz system, which effects reversal timing, would be expected to 404 disrupt the polarity pattern inherited by daughter cells as seen in our experiments. 
